Abstract. Luteolin, a flavonoid extracted from a number of plants with recognized anticancer, anti-inflammatory and anti-oxidative activities, inhibits angiogenic processes and modulates multidrug resistance. However, the efficacy and mechanisms of action of this flavonoid agent are still undergoing study. In order to elucidate whether luteolin exhibits an anticancer effect in cervical cancer cells, HeLa cells were incubated with luteolin and apoptosis was assessed by observing nuclear morphological changes, and performing Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining. Cell cycle analysis, western blotting, RT-PCR and mitochondrial membrane potential measurements were also carried out. Luteolin showed a significant dose-dependent cytotoxic effect only in human papillomavirus (HPV)-positive cervical cancer cells, when compared to its effect on HPV-negative cervical cancer C33A cells. Expression levels of human papilloma virus E6 and E7 oncogenes were suppressed, those of related factors pRb and p53 were recovered and E2F5 was increased by luteolin treatment. Furthermore, luteolin enhanced the expression of death receptors and death receptor downstream factors such as Fas/ FasL, DR5/TRAIL and FADD in HeLa cells, and activated caspase cascades. In particular, luteolin enhanced the activity of caspase-3 and -8 in a dose-dependent manner. Activation of caspase-3 induced caspase-8 activity and vice versa. Luteolin also induced mitochondrial membrane potential collapse and cytochrome c release, and inhibited Bcl-2 and Bcl-xL expression. In conclusion, luteolin exerts anticarcinogenic activity through inhibition of E6 and E7 expression and crossactivation of caspase-3 and -8. Taken together, these results suggest that luteolin induces inactivation of HPV-18 oncogene expression and apoptosis by activating the intrinsic and extrinsic pathways.
Introduction
Luteolin is a flavonoid compound extracted from several medicinal plants, including celery, green pepper and perilla leaf (1) . Flavonoids are secondary plant metabolites, defined as substances that contain a phenylchromanone structure (C6-C3-C6, with one or more hydroxyl groups or other substituents) (2) . They are known to exert biological effects such as anticancer, anti-inflammatory and anti-oxidative effects. They are also associated with inhibition of angiogenic processes and modulation of multidrug resistance (2) (3) (4) . Although the incidence of cervical cancer has declined following the introduction of human papillomavirus (HPV) vaccines, it remains the leading cause of cancer-related death in women (5) . Infection with HPV subtypes such as HPV-16, -18, -31 and -33 greatly increases the risk of cancer and plays a central role in the development of ~99.5% of cervical cancers (6) . HPVs are involved not only in cervical cancer but also in several other cancer types, including neoplasms of the head and neck and anal and penile cancers (7) . The HPV genome consists of 6 early open reading frames (ORFs) that encode early proteins such as E1, E2, E4, E5, E6 and E7, as well as 2 late ORFs that encode late proteins such as L1 and L2 (8) . The E6 and E7 oncoproteins have been shown to be key mediators of the development of HPV-induced cervical carcinoma. HPV-related transcription factors are involved in the G1/S and G2/M transition within the cell cycle (9) . The E6 protein, which associates with E6-associated protein (E6AP), induces p53 degradation via ubiquitin-proteasome pathways. E7 protein inactivates the E7-associated factor pRb. As recently discovered, E2F5 activates the cell cycle through direct transcriptional activation of E7 in HPV-18-infected HeLa cells (9, 10) . Additionally, HPV escapes the immune system of the infected host. For example, E6 and E7 mediate protection against interferons and elicit inappropriate or reduced activation of antigen-presenting cells (7) . E6-and E7-mediated inhibition of the host's immune system underlies the effects of the related disease (11) (12) (13) (14) . Under conditions in which E6 and E7 gene expression is inhibited, tumor-suppressor proteins such as pRb and p53 are activated at normal levels. Cell death can occur as one of two distinct processes: apoptosis and necrosis. Necrosis is a degenerative pattern that follows cell injury. Conversely, apoptosis is an active process, requiring protein synthesis for its execution. Apoptosis can be distinguished from necrosis by a number of unique features, such as chromatin condensation, DNA fragmentation, cell membrane flip-flop, cytoplasmic shrinkage, and the formation of apoptotic bodies (15) . Apoptosis commonly occurs via two distinct pathways, intrinsic and extrinsic pathways, which are connected at a number of intermediate steps (16) . Caspase-8 activation plays a critical role in the extrinsic apoptotic pathway. However, caspase-8 and caspase-3 are activated by each other via caspase-3 and -8 cross-activation responses (17, 18) . The intrinsic apoptotic pathway involves a cascade of molecular events that occur entirely within the cell. Mitochondria are central to the intrinsic apoptotic pathway. On receipt of an apoptotic signal, a pro-apoptotic member of the Bcl-2 family, such as Bax, oligomerizes and inserts into the mitochondrial membrane, permeabilizing it and allowing cytochrome c to redistribute into the cytoplasm (19) . Intrinsic pathway-related p53 protein is degraded by the HPV E6 oncoprotein (20) .
Luteolin induces intrinsic apoptosis via inhibition of E6/E7 oncogenes and activation of extrinsic and intrinsic signaling pathways in HPV-18-associated cells
Luteolin has been well known to exhibit an anticancer effect in several cancer cell lines. However, the exact mechanism behind this effect remains to be elucidated. In the present study, we focused on the intrinsic and extrinsic pathways related to E6 and E7 oncogenes. We demonstrated that luteolin exerts anticancer effects targeted to the E6 and E7 oncogenes and caspase-8 and caspase-3 are activated by each other through caspase-3 and -8 cross-activation responses.
Materials and methods
Cell culture and treatment. HPV-18-positive HeLa cervical cancer cells, HPV-16-positive SiHa and CaSki cervical carcinoma cells, and HPV-negative C33A cervical cancer cell line were obtained from the American Type Culture Collection (ATCC; Rockville, MD, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Hyclone Laboratories, Logan, UT, USA) supplemented with 2 mM/Lglutamine and 10% fetal bovine serum (FBS; Hyclone Laboratories) and incubated under humidified conditions at 37˚C with 5% CO 2 . Treatment was performed by adding 5, 10 and 20 µM luteolin (Sigma, St. Louis, MO, USA) directly to the culture media for 48 h.
Cell viability test. Cell viability was quantified using
WI, USA) reagent as previously described (21) . Cervical cancer cells (1x10 5 ) were seeded in 100 µl of medium in 96-well plates and incubated overnight. After 20 h, the cells were treated with various doses of luteolin for 24 and 48 h. Samples of the media were removed, and the cells were incubated with 20 µl of MTS (2 mg/ml) and phenazine methosulfate (PMS) (Sigma) mixed solution in serum-free DMEM for 1 h at 37˚C. Optical absorbance was measured at 492 nm using a spectrophotometer (Apollo LB 9110; Berthold Technologies GmbH, Germany).
DAPI staining. Characteristic apoptotic nuclear morphologic changes can be detected in cells stained with 4' ,6-diamidino-2-phenylindole (DAPI) (Sigma) stain solution and by using fluorescence microscopy at x100 magnification (22) . Cervical cancer cells were seeded on coverslips in 6-well plates and treated with luteolin for 48 h. After washing with phosphatebuffered saline (PBS), the HeLa cells were fixed with para-formaldehyde and stained with Hoechst staining solution at 37˚C. The coverslips were then washed with PBS, dried completely, and mounted on microscope slides with mounting solution. These slides were examined using fluorescence microscopy.
Flow cytometric analysis using Annexin V and PI staining. Annexin V and propidium iodide (PI) stains were used to observe the progression of apoptosis (23) . Cells were seeded in 6-well plates and treated with luteolin for 48 h. After treatment, the cells were harvested using trypsin-EDTA and washed twice by centrifugation (300 x g). Annexin V and PI staining were performed using the FITC-Annexin V Apoptosis Detection Kit I (BD Biosciences, San Diego, CA, USA) in accordance with the manufacturer's instructions. The percentages of early and late apoptotic cells were calculated using Annexin-V-positive/PI-negative and Annexin-V-positive/PI-positive signals, respectively.
Western blot analysis.
To identify protein expression levels, HeLa cells were seeded on 6-well plates after 48 h of luteolin treatment. Harvested cells were lysed in a radioimmunoprecipitation assay (RIPA) buffer (0.1% sodium dodecyl sulfate-SDS), 0.1% sodium deoxycholate, 1% Triton X-100, 1 mM EDTA, 0.5 mM ETDA, 140 mM NaCl and 10 mM Tris-HCl, pH 8.0) containing phosphate and protease inhibitors. Cell lysates were centrifuged at maximum speed for 30 min at 4˚C. The protein concentration of the resulting supernatant was quantified. Component proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked by incubation in 5% non-fat milk solution in Tris-buffered saline containing Tween-20 (TBST: 2.7 M NaCl, 53.65 mM KCl, 1 M Tris-HCl, pH 7.4, 0.1% Tween-20) for 1 h at room temperature. After blocking, these membranes were incubated in 1% milk solution containing the primary antibody in TBST for 2-4 h. After three consecutive washes in TBST, the membranes were incubated with the secondary antibodies [horseradish peroxidase (HRP)-conjugated α-rabbit or α-mouse IgG] for 1 h at room temperature. After washing the membranes 3 times, the signal was visualized using the Westzol Plus Western Blotting detection system (iNtRON Biotechnology, SungNam, Korea). Antibodies specific to cyclin D were purchased from BD Biosciences (San Diego, CA, USA). Antibodies specific to PARP, caspase-3, caspase-9, caspase-8, Bcl-2, Bcl-xL, p-pRb, p53, p-p53 and cytochrome c, and anti-mouse IgG-horseradish peroxidase were purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies specific to p21, GAPDH and anti-goat IgG-HRP were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Pan-caspase inhibitor (Z-VAD-fmk), caspase-3 inhibitor (Z-DEVD-fmk), caspase-9 inhibitor (Z-LEHD-fmk) and caspase-8 inhibitor (Z-IETD-fmk) were from R&D Systems (Minneapolis, MN, USA).
Reverse-transcription polymerase chain reaction (RT-PCR)
and real-time qPCR. The cells were harvested and lysed using the easy-BLUE™ Total RNA Extraction kit (iNtRon Biotechnology, Seoul, Korea) according to the manufacturer's instructions. The Oligo-primed RNAs (5 µg) were reverse transcribed using M-MuLV reverse transcriptase (New England Biolabs, Beverly, MA, USA). RT-PCR analysis was performed using a PCR Thermal Cycler Dice instrument (Takara, Otsu, Shiga, Japan) with the following primer sets: HPV-18 E6, 5'-GCG ACC CTA CAA GCT ACC TG-3' (forward) and 5'-GTT GGA GTC GTT CCT GTC GT-3' (reverse); HPV-18 E7, 5'-GCA TGG ACC TAA GGC AAC AT-3' (forward) and 5'-TGT TGC TTA CTG CTG GGA TG-3' (reverse); E2F5, 5'-ACC TAT CCA TGT GCT GCT TA-3' (forward) and 5'-AGA TTT TGA GTT GCC ATG CT-3' (reverse); DR5, 5'-GTC TGC TCT GAT CAC CCA AC-3' (forward) and 5'-CTG CAA ACT GTG ACT CCT ATG-3' (reverse); FasL, 5'-CAA GAT TGA CCC CGG AAG TA-3' (forward); GAPDH, 5'-TGA TGA CAT CAA CAA GGT GGT-3' (forward) and 5'-TCC TTG GAG GCC ATG TAG GCC-3' (reverse). GAPDH was used as an internal control. Real-time quantitative PCR was performed using a relative quantification protocol using the Chromo 4 Real-Time PCR system and iQ SYBR-Green Supermix (both from Bio-Rad, Hercules, CA, USA). All the target genes were normalized to the expression of the housekeeping gene GAPDH. Each sample was run with the following primer sets: HPV-18 E6 qPCR, 5'-TAT TTG TGG TGT ATA GAG AC-3' (forward) and 5'-CAG TGT TAG TTA GTT TTT CC-3' (reverse); HPV-18 E7 qPCR, 5'-CTC AGA GGA AGA AAA CGA TG-3' (forward) and 5'-GGC TTC ACA CTT ACA ACA CA-3' (reverse); FADD, 5'-ACC TCT TCT CCA TGC TG-3' (forward) and 5'-CAC ACA GGT CTT CCC CA-3' (reverse); Fas, 5'-TGA AGG ACA TGG CTT AGA AGT G-3' (forward) and 5'-GGT GCA AGG GTC ACA GTG TT-3' (reverse); TRAIL, 5'-AAG TTT GTC GTC GTC GGG GT-3' (forward) and 5'-TGG TGC AGG GAC TTC TCT CT-3' (reverse); GAPDH qPCR, 5'-GGC TGC TTT TAA CTC TGG TA-3' (forward) and 5'-TGG AAG ATG GTG ATG GGA TT-3' (reverse). The fold changes in expression represent the ratio of E6 and E7 expression in the luteolin-treated cervical cancer cells compared to the untreated control.
Nuclear and cytoplasmic fractionation. HeLa cells were treated with luteolin for 48 h prior to harvesting and fractionation with NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific Inc, Rockford, IL, USA) according to the manufacturer's instructions. Briefly, cells were collected by centrifugation at 1,980 x g and 4˚C for 5 min, washed with PBS, and re-centrifuged. The cell pellet was suspended with buffer I, vortexed, and incubated on ice for 10 min. Buffer ІІ was added and the cells were incubated for 1 min prior to centrifugation at 16,000 x g and 4˚C for 5 min, yielding a cytoplasmic extract as the supernatant. The insoluble pellet was then suspended in buffer III, incubated on ice for 40 min, and centrifuged at 16,000 x g for 10 min, yielding the nuclear extract as the supernatant. Equal quantities of protein from these extracts (50 µg) were separated by SDS-PAGE.
Analysis of mitochondrial transmembrane potential by JC-1.
JC-1 (Enzo, Farmingdale, NY, USA) stain can detect differences in mitochondrial membrane potential (MMP) (24) . Cells were harvested with trypsin-EDTA, transferred to 1.5-ml tubes containing JC-1 stain solution, and incubated for 10 min in the dark. The samples were centrifuged at 300 x g and 4˚C for 3 min, washed twice with PBS, and resuspended in PBS for fluorescence-activated cell sorting (FACS) analysis.
Statistical analysis. Data are presented as the mean ± SEM of results from at least 3 independent experiments. Statistical significance was assessed using the Student's t-test, with P<0.05 considered statistically significant. P<0.05, P<0.01 and P<0.001 are indicated in the figure legends.
Results

Luteolin treatment reduces the viability of HeLa cells.
The cervical cancer cell lines and the normal keratinocyte HaCaT cell line were treated with various concentrations of luteolin (Fig. 1) . Mild cytotoxicity was observed in the HPV-16-positive SiHa and CaSki cell lines at a high concentration of luteolin (>40 µM, data not shown). Luteolin showed a significant dose-dependent cytotoxic effect in the HeLa HPV-18-positive cervical cancer cells. However, there was no cytotoxic effect of luteolin in the HPV-negative C33A cervical cancer cell line and in the HaCaT human normal keratinocytes. Therefore, we focused on HeLa cells to further investigate the apoptotic effect of luteolin.
Luteolin induces apoptosis in HeLa cells. Phase-contrast microscopy revealed that luteolin induced cell death in the HeLa cells in a dose-dependent manner after 48 h of treatment ( Fig. 2A) . Nuclear condensation detected by DAPI staining is one of the commonly used markers of apoptosis. HeLa cells treated with luteolin exhibited notable nuclear condensation (Fig. 2B) . Annexin V-FITC/PI staining is commonly used to detect apoptosis and necrosis. Positive Annexin V-FITC staining suggests cell exposure to phosphatidyl serine. Positive PI staining is associated with cell membrane disruption. Double positive staining with both Annexin V-FITC and PI reflects the flip-flop of phosphatidyl serine and membrane disruption (23) . Luteolin-treated HeLa cells exhibited Annexin V-FITC single positive staining and Annexin V-FITC/ PI double-positive staining, indicating that luteolin induced apoptosis in the HeLa cells (Fig. 2C) .
Effects of luteolin on mRNA levels of E6/E7 and on expression levels of cyclins, pRb and p53 in HeLa cells.
The E6 protein binds, ubiquitinates and degrades the tumor-suppressor protein p53, while the E7 protein binds and interferes with the Rb/E2F complex (20) . Levels of E6 and E7 mRNA were reduced by luteolin treatment in the HeLa cells (Fig. 3A) . Following incubation of HeLa cells with luteolin, the p53 level was increased in a dose-dependent manner, while levels of phosphorylated pRb (p-pRb) and E7 activator E2F5 were decreased. These results indicated that activities of p53 and pRb in the HeLa cells were recovered by luteolin treatment. The p53 downstream factor p21 level was also increased (Fig. 3B) . Cyclins are differentially regulated in every step of the cell cycle. Cyclin A and E are modulated by E6 and E7 proteins, as E7 induces cyclin E expression (25) . Cyclin A overexpression has been reported in an HPV-infected cancer cell line (25) . E6 abrogates the repression of cyclin A transcription by degradation of p53 (26) . Expression levels of cyclin A and E were suppressed by luteolin treatment in the HeLa cells as expected (Fig. 3C) . 
Effect of luteolin on apoptosis-related factors, caspase-3 and -8 in HeLa cells.
Caspases and polyADP ribose polymerase (PARP) are important mediators of apoptosis and are known to contribute to the overall apoptotic morphologic changes by the cleavage of a number of cellular substrates (27) . Western blot analysis was used to further detect protein expression of caspase-3, -8, and -9 and PARP in HeLa cells after luteolin treatment for 48 h. As shown in Fig. 4 , caspase-3, -8, and -9 and PARP proteins were cleaved to the corresponding active forms. These results indicate that luteolin treatment induces apoptotic death in HeLa cells through a caspasedependent pathway. HeLa cells were pretreated with caspase inhibitors to identify the specific caspases involved in the apoptotic mechanism. A pan-caspase inhibitor Z-VAD-fmk and caspase-3 inhibitor Z-DEVD-fmk fully alleviated luteolininduced cleavage of caspase-3 and -8 in the HeLa cells ( Fig. 4B  and D) . However, the caspase-8 inhibitor Z-IETD-fmk only partially inhibited the cleavage of caspase-3 and -8 induced by luteolin (Fig. 4C) . Taking all the results into consideration, our findings suggest that luteolin activates caspase-3, which in turn induces caspase-8 processing and vice versa in HeLa cells. Overall, these analyses revealed that caspases play pivotal roles in luteolin-induced apoptosis. (Fig. 5) , demonstrating that luteolin induced extrinsic apoptosis via death receptor-caspase-8/3 pathways.
Luteolin enhances Fas death receptor expression in
Luteolin disrupts MMP in HeLa cells. Disruption of MMP is one of the critical steps in the intrinsic apoptotic pathway (5).
When apoptosis progresses, JC-1-stained cells are altered from orange to green as MMP decreases (24, 29) . MMP was measured by JC-1 staining in the luteolin-treated HeLa cells. As shown in Fig. 6A , JC-1-stained HeLa cells exhibited a dosedependent left shift. This result indicates that the mitochondrial membrane was disrupted by luteolin treatment. Bcl-2 and Bcl-xL expression levels were also decreased following luteolin treatment (Fig. 6B) . Cytochrome c was detected by fractionation and western blot analysis to confirm its release into the cytosol from the mitochondria. Cytochrome c was released into the cytosol in the luteolin-treated HeLa cells (Fig. 6C) .
Discussion
Luteolin, a polyphenolic compound present in celery, green peppers, perilla leaf and chamomile tea, belongs to the flavone subclass of flavonoids (1). This compound effectively suppresses the development and progression of stomach, cervical, lung, and bladder cancers. However, the molecular mechanisms underlying its anticancer effects in cervical cancers are poorly understood. The precise relationship between luteolin and HPV infection in particular has thus far never been reported. The cytotoxic effects against HPV-positive cell lines were assessed following a 48-h luteolin treatment. HeLa cells in particular showed effective cytotoxicity at 48 h after luteolin treatment.
The cytotoxic effect and markers of apoptotic activity were induced by luteolin treatment in HeLa cells. HeLa cells harbor the HPV-18 genome, which encodes the E6 and E7 oncogenes (10) . The E6 protein degrades p53, one of the tumor-suppressor proteins. The E7 protein interferes with the pRb/E2F complex, freeing E2F to serve as a transcription factor (30) . Reduction of E6 and E7 protein expression in cervical cancer cells results in the reactivation of p53 and pRb, and can lead to apoptosis and regulation of the cell cycle. Moreover, overexpression of cyclin A and cyclin E has been found in cells expressing E6 and E7 (25) . As shown in Fig. 4 , E6 and E7 mRNA levels were reduced by luteolin treatment in HeLa cells. Consequently, E6 and E7 inhibition, reactivation of p53 and pRb, and suppression of cyclin A and cyclin E expression were induced by treatment with luteolin, resulting in the induction of apoptosis and re-establishment of the cell cycle control in HeLa cells. It has also been reported that HPV can modulate or evade the immune system through the E6 and E7 oncogenes (7). These results suggest that luteolin may be used as a controlling agent against HPV-positive cancers and cervical cancer through targeting E6/E7 oncogenes in vitro and in vivo.
In the present study, we confirmed that luteolin-induced apoptosis is mediated by the death receptors. PCR and Western blot analyses revealed that luteolin enhanced DR5 death receptor expression (data not shown), caspase-8 activity, and TRAIL expression, as expected from previous research (31) . Research also revealed that E6 protein inhibits Fas and Fas-associated proteins (28) . Luteolin inhibited E6 expression and enhanced Fas and FADD in HeLa cells, suggesting that death receptors were upregulated via inhibition of E6 expression. However, caspase-8 activity was also upregulated by the activity of caspase-3, as well as by death receptors such as DR5 and Fas. All specific inhibitors of caspase-3 and -8, as well as pan-caspase inhibitors, alleviated luteolin-induced activation of caspase-3 and -8. In the present study, we used caspase inhibitors to show that caspase-8 is activated by caspase-3 and that caspase-8 in turn activates caspase-3. It was reported in a previous report that certain anticancer drugs, such as paclitaxel, induce apoptosis via the caspase-8 and caspase-3 amplification loop (17) . It was also shown that luteolin-mediated apoptosis might be mediated via the caspase-8 and caspase-3 amplification loop in HeLa cells.
The mitochondrial-dependent pathway is the most recognized intrinsic apoptosis pathway. Disruption of mitochondrial membrane potential is a key commitment step in the induction of the intrinsic pathway. This signaling pathway leads to the release of apoptotic proteins from the mitochondrial intermembrane space (32) . As shown in Fig. 7 , our results clearly demonstrated that luteolin treatment led to a disruption of the mitochondrial membrane potential. Moreover, luteolin reduced expression levels of Bcl-2 and Bcl-xL, which inhibit the mitochondrial-mediated apoptosis pathway. This result indicates that luteolin induces apoptosis via the mitochondrialdependent pathway.
In conclusion, luteolin was shown to target the E6/ E7 pathways and the caspase-8/-3 amplification loop (17) . Luteolin inhibited HeLa HPV-18-positive cancer cell proliferation, while it did not affect the HPV-negative cancer cells and the normal HaCaT keratinocytes. The expression levels of E6 and E7 oncogenes were suppressed by treatment with luteolin. Notably, inhibitors of caspase-3 and -8 confirmed that caspase-8 activity was activated by active caspase-3, suggesting that caspase-8 is activated by the DR5 and Fas death receptors and that activation signals of caspase-8 and caspase-3 interact by cross-activation.
